Abstract-In order to design an advanced humanautomation collaboration system for highly automated vehicles, research into the driver's neuromuscular dynamics is needed. In this paper, a dynamic model of drivers' neuromuscular interaction with a steering wheel is first established. The transfer function and the natural frequency of the systems are analyzed. In order to identify the key parameters of the driver-steering-wheel interacting system and investigate the system properties under different situations, experiments with driver-in-the-loop are carried out. For each test subject, two steering tasks, namely the passive and active steering tasks, are instructed to be completed. Furthermore, during the experiments, subjects manipulated the steering wheel with two distinct postures and three different hand positions. Based on the experimental results, key parameters of the transfer function model are identified by using the Gauss-Newton algorithm. Based on the estimated model with identified parameters, investigation of system properties is then carried out. The characteristics of the driver neuromuscular system are discussed and compared with respect to different steering tasks, hand positions, and driver postures. These experimental results with identified system properties provide a good foundation for the development of a haptic take-over control system for automated vehicles.
I. INTRODUCTION
A S ONE of the typical mechatronics applications in cyberphysical systems, automated vehicle has become an increasingly popular area of interest for both academia and industry [1] - [6] . Prior to transitioning to fully autonomous driving, highly automated driving will play an important role in the development of automated vehicle technologies [7] - [9] . We will see cars that are self-driving part of the time but must still be human driven at other times. For comfort and safety, it is important that there is a smooth and swift transition between the self-driving and human-driving modes [10] . A particular risk is that human drivers may not be ready to take over safely, as they may be preoccupied with nondriving tasks [11] , [12] . In this context, one of the critical issues is how to guarantee safe and smooth transitions in the control authority from automated to manual driving [13] . This challenge requires the development of an advanced human-automation collaboration system.
Once the driver perceives a take-over request and returns to the driving task from a nondriving activity, the haptic take-over system will be activated, assisting the driver until manual control is completely resumed [14] - [17] . During the take-over process it is actually the driver's hand which interacts with the steering wheel, so the driver's neuromuscular dynamics is an important component in the take-over control loop. The control of the haptic take-over system needs to take driver's current muscle state into consideration. Thus, characterization of driver arm's neuromuscular dynamics is an important first step in developing an advanced haptic take-over system.
Driver models with neuromuscular dynamics in vehicle steering control have previously been investigated [18] - [29] . In [18] , the driver's muscles involved in the steering task were identified by measuring the muscle activity with electromyography and muscle coactivation during a simulated driving task was observed. Besides, identification of the passive properties of the driver's arms, including inertia, damping, and stiffness, was presented. In [19] , the function of muscles of the driver's shoulder during vehicle steering maneuver was studied, and relations between electromyography activity of ten shoulder muscles and driver's steering force were performed. In [20] , the muscles involved in generating torque at the steering wheel were first identified through experiments, and a mathematical model of the driver's muscle reflex system was established. In [21] , a driver model with arm neuromuscular dynamics to investigate driver response to a step angle fault in the active front steering system was proposed. In [22] , a method was proposed for measuring drivers' steering efficiency during steering maneuvers and evaluating drivers' steering performance and steering comfort. In [23] , a mathematical driver model was developed in order to explain the driver steering behavior observed during double lane change maneuvers. The model consists of a linear quadratic regulator path-following controller coupled to a neuromuscular system. Nevertheless, the existing studies have mostly been in relation to manual driving and conventional vehicle dynamics control, rather than targeting the driver-automation collaboration system design for highly automated vehicles.
This paper aims to study the neuromuscular dynamics in relation to haptic take-over system design for automated vehicles. And the presented study can be the foundation for designing not only the driver-vehicle interaction system of highly automated vehicles, but also other advanced driver assistance systems with different levels of automation. The main contribution of this paper lies in the following aspects:
1) The model of driver neuromuscular dynamics interacting with a steering wheel is established; 2) Identification and characterization of the driver-vehicle system are carried out with experimental data collected under different testing conditions; 3) The developed driver-vehicle system model with characteristics analyzed could help us to set up a solid foundation for future studies in take-over controller synthesis for driver-automation collaboration. The rest of this paper is organized as follows. The model of driver neuromuscular dynamics, while interacting with a steering wheel, is first established in Section II. The system identification of the transfer function model is formulated as a nonlinear least squares problem in Section III, and the Gauss-Newton (GN) algorithm is adopted for solving it. Section IV presents the experiment design with the introduction of steering tasks, driver postures, hand positions, and data measurement and acquisition. Experimental data with system identification results are presented in Section V. Characterization of the drivers' neuromuscular system is analyzed and discussed in Section VI, which is followed by the concluding remarks in Section VII.
II. DYNAMIC MODEL OF THE DRIVER-STEERING-WHEEL INTERACTING SYSTEM
In order to investigate the characteristics of the driver's neuromuscular system, during interaction with the steering wheel, the driver-vehicle interacting system model must first be established. The driver-steering-wheel interaction system is comprised of a steering wheel and the driver's neuromuscular system. Fig. 1 shows a simplified single-inertia model of the driver- steering-wheel interacting system. It is abstracted from the physical structure with its main damping and stiffness properties [16] .
There are two degrees of freedom in the driver-steeringwheel interacting system (described above), namely the steering column angle and the steering wheel angle. The output torque of the electric power steering (EPS) motor is considered as a disturbance to the driver, and the driver adds additional inertia J dr , damping B dr , and stiffness C to the steering wheel. Thus, according to the above-developed model, the dynamic equation for the driver-steering-wheel interacting system can be represented as follows:
where T dr is the driver's steering torque, T dis is the disturbance torque, T mot,tgt is the target torque of the steering motor, and T dis = T mot,tgt . C is the stiffness coefficient of the interacting system, and θ sw is the steering angle. J is the lumped inertia, J dr is the driver arm's inertia, J sw is the inertia of the steering wheel, B dr and B sw are the viscous damping terms of driver's neuromuscular system and steering wheel bearings, respectively, and B is the lumped viscous coefficient. According to the above-established dynamic model, the transfer function of the driver-steering-wheel interacting system can be developed, as shown in the following equation:
Based on (4), the natural frequency Ω of the driver-steeringwheel interacting system can be derived as
where ξ is the damping ratio. Thus, in order to achieve the characterization of driver neuromuscular dynamics during interaction with a steering wheel, the above transfer functions with the values of the key parameters need to be identified.
III. SYSTEM IDENTIFICATION METHODOLOGY
In this study, the system identification of the transfer function model is formulated as a nonlinear least squares problem, with adopted algorithms introduced as follows.
A. Nonlinear Least Squares Problem
The nonlinear least squares problem aims at finding an optimal set of parameters for the model given a large set of data [30] . Given a set of measured data (t j , y j ) and a model function φ(x, t j ) with the input variables of x 1, . . . , x n , the discrepancy between the model function and the measured data can be represented by the residual r j r j (x) = y j − φ(x, t j )
where y j is y component of the data point at t j . The objective function can be chosen as
Considering the residual vector r which is comprised of all components r j (j = 1, . . . , m), where m is the number of samples, the Jacobian matrix can be given by (m > n)
Combing (6)- (8), the gradient and the Hessian of the objective function can be calculated in terms of the Jacobian as follows:
In (10), because the residuals r j are small and the model φ(x, t) is considered to be nearly linear in x, thus the second term of (10) is assumed to be small and is neglected.
B. GN Algorithm
In order to solve the above-formulated nonlinear least squares problem, the GN algorithm is adopted. It is a quasi-Newton method using a search direction vector p GN k and a step size α k as [31] 
In the iteration process of the GN algorithm, (11) is repeatedly implemented until the model function fits the data points satisfactorily.
The Hessian can be approximated to be J T k J k , thus the search direction p GN can be given by
The GN direction p GN k is the solution of the linear least squares problem
Whenever J k has full rank, the search direction is a descent direction, which can be proved as
The above equality condition takes place if and only if
indicating that x k is a stationary point and no further iterations are necessary.
After the GN direction is found, the step length α k for each iteration is required to be determined. It can be computed by minimizing the model function φ(x, t) at the new point x k + α k p k with respect to the variable α k (where α k > 0). So as to find the optimal step length, α k can be chosen such that
where c 1 is a constant with the condition 0 < c 1 < 1.
C. Convergence Analysis of the GN Algorithm
The stability of the GN Algorithm is investigated with the convergence property analyzed in this section. The following theorem demonstrates sufficient conditions for the GN method to converge a point such that ∇f = J T r = 0. Theorem 1: [32] Suppose that each residual function r j is Lipschitz continuously differentiable in a neighborhood of the level set
and the Jacobian satisfies the condition of uniform full-rank
Then, if the iterates x k which are generated by the GN method with the step lengths satisfy the Wolfe conditions, we obtain
Proof: The GN is a line search quasi-Newton method. Lipschitz continuity of ∇r j indicates Lipschitz continuity of ∇f over the neighborhood of L. Hence, we obtain all assumptions which are sufficient for the Zoutendijk condition to hold. Thus, it can be deduced that cos θ k , k = 0, 1, 2, . . ., are uniformly bounded away from zero.
Since Lipschitz continuity of each ∇r j implies the continuity of J(x), thus there is a constant β > 0 such that
Then, we have
The rate of convergence is now analyzed as follows. Suppose x * is a local minimum point such that ∇f (x * ) = 0, then
Here we introduce the notation for the Hessian of f as follows:
Assume that J T J(x * ) is invertible and J is Lipschitz continuous, then for all x ∈ B ε 1 with any ε > 0, there is a spherical space B ε 1 around x * such that
where x ∈ B ε 1 . Moreover, let us assume that H is continuous, then for all x ∈ B ε 2 , there is another spherical space B ε 2 around x * such that
If
2 , then we obtain
Thus, the convergence rate of the GN method is determined by the value of
, the GN step of unit length gets closer to the solution, the following condition needs to be achieved:
With small residual in a nearly linear condition, we have
Hence, the rapid convergence can be achieved. Moreover, if H(x * ) = 0, then the convergence is quadratic.
IV. EXPERIMENT DESIGN AND DATA COLLECTION
In order to identify transfer functions with the values of the key parameters of the driver-steering-wheel interacting system and investigate system properties under different driving tasks and situations, a large set of data is obtained through driver-in-the-loop experiments [19] , [22] . There are two types of the experiments that need to be completed by each test subject, i.e., the active and passive steering tasks. During experiments, the test subjects sit on the seat of a driving simulator and they are instructed to manipulate the steering wheel using their right arm and both arms with distinct gripping positions, respectively. These tested postures and hand positions are abstracted from comprehensive investigations of driver behavior in daily driving scenarios. The detailed steering tasks, driver posture, and hand positions are described as follows.
A. Steering Tasks
The test subject is required to carry out two steering tasks: passive steering and active steering [16] . 1) Passive steering task: The subject is instructed to stabilize the steering wheel at its neutral position under the disturbed torque produced by the EPS motor. The magnitude and frequency of the disturbed torque are set at 5 N·m and 0.025 Hz, respectively. The magnitude of the disturbed torque is determined by referring to the value of the resistant torque in the actual driving conditions with a typical power-assisted steering system. The frequency of the disturbed torque is determined in a quasi-steady range in order to identify distinct and useful results. During tests, the subject is required to continuously stabilize the steering wheel, keeping it at its neutral position against the varied disturbance torque.
2) Active steering task: The subject is instructed to perform a sine-wave steering angle, to mimic the slalom steering test. The magnitude and frequency of the sine-wave steering angle are set at around 60°and 0.25 Hz, respectively. During this test the EPS motor will work and provide assistant power to the driver. The subject needs to perform the above sine-wave steering operation continually for at least five cycles. 
B. Driver Posture and Hand Positions
To simulate the typical driving situation, the test subjects are required to sit in the seat of a driving simulator and slightly bend their elbows with an angle of 110°between the forearm and upper arm. The steering wheel is adjusted to ensure that the line along the steering axis is parallel to the line through the shoulder and wrist joints. Furthermore, during the experiments the subjects are required to manipulate the steering wheel with two distinct postures and three different hand positions [16] . The detailed driver postures and hand positions are introduced as follows.
1) Right arm only with three hand positions: In this scenario, the driver operates the steering wheel using the right arm only, and the left hand is held away from the steering wheel. The three gripping positions are the 3 o'clock position, 12 o'clock position, and 1:30 position, which correspond to the subplots (a), (b), (c) in Fig. 2 , respectively. The test subjects are required to grasp the steering wheel at the locations of the hour hand, which points to the above-mentioned time in order to complete the driving tasks (see Fig. 2 ). 2) Both arms with three hand positions: In this scenario, the driver uses the steering wheel with both arms. There are three gripping positions on the steering wheel, which were the: 3 and 9 o'clock position, 12 and 6 o'clock position, and 10:10 position. The positions of the 3 and 9 o'clock and 12 and 6 o'clock indicate that the test subjects are required to grasp the steering wheel at the locations of the above times using one hand for each. For the 10:10 position, the left and right hands of the subject are placed at the locations of the hour and ten past the hour on a clock, respectively. A schematic diagram of the above hand positions is illustrated in the subplots of (d), (e), (f) in Fig. 2 , respectively. Each test subject completed both the active and passive steering tasks in all six hand positions.
C. Data Measurement and Acquisition
During steering the force exerted by the driver on the steering wheel can be divided into two parts: the force which is perpendicular to the wheel plane and the force in the wheel plane. Moreover, the force applied in the wheel plane at the grasping point can be further divided into two components: the radial resultant force and the tangential force. The force perpendicular to the wheel plane and the radial force in the wheel plane are the assistant forces to maintain the body's stability and the balance of the driver when steering, but are not able to generate a steering moment to rotate the wheel. Only the tangential force contributes to the steering moment. And the measured steering moment M z is equal to driver's input steering torque T dr .
In order to measure the applied force in the wheel plane, the coordinate system, with its origin at the point of grasping point, is first established. Fig. 3(a) and (b) illustrates the forces and steering torque generated by right arm only with the 3 o'clock grasping position and by both arms with the 3 and 9 o'clock position, respectively. F y is in the longitudinal direction of the vehicle, pointing forward, and F x is in the lateral direction. Take the 3 o'clock grasping position illustrated in Fig. 3(a) as an example. The measured tangential force F y generates the steering moment M z that steers the vehicle, while the radial force F x , which is toward the center of the steering plane, is not related to the generated moment around the steering column.
The forces applied by the subject's hands are measured by a three-axis force transducer, and the steering angle and steering torque are measured using a steering angle/force sensor with the sampling frequency of 1000 Hz. These forces, steering angle, and torque were first amplified and then sampled with 100 Hz by a multichannel telemetric equipment. The overall structure of the experimental devices is shown in Fig. 4 .
V. EXPERIMENT RESULTS
Using the above procedure and methodology, steering experiments are carried out in the driving simulator. In the tests, ten drivers with natural driving experience and skills are selected as experimental subjects and neuromuscular dynamics data are collected. The results of different steering tasks with distinct driver postures and hand positions are reported as follows. Fig. 5 shows an example of the test data resulting from the passive steering task using only the right arm at the 1:30 grasping position. As described in Section III, the test subject is required to keep the steering wheel at the neutral position against the disturbance torque generated by the EPS motor. According to Fig. 5 , the external disturbance torque is generated as a triangle wave with 10 N·m of peak to peak amplitude and 0.025 Hz of frequency. Then, the driver operates the steering wheel, which can be indicated by the variation in the applied forces F x and F y , as well as the tangential force in a steering moment on the steering plane. Thus, the steering torque is detected, as shown in Fig. 5 . As a result, the value of the steering angle remains within a small range around 0 rad. Fig. 6 shows an example of the test data generated by active steering with the right arm only at the 3 o'clock hand position. As described in Section III, the test subject is required to steer the wheel as a sine wave with the angle of around 1.0 rad (i.e., 60°) and the frequency of 0.25 Hz. According to the results shown in Fig. 6 , the driver operates the steering wheel by applying forces F x and F y . The resultant tangential force on the steering plane generates a steering moment, and then the steering torque is detected. As a result, the measured steering angle presents a sine-wave style with the amplitude at 0.5 rad and the frequency of 0.25 Hz.
A. Experimental Data of the Passive Steering Task

B. Experimental Data of the Active Steering Task
C. System Identification and Model Validation
In order to validate the effectiveness and accuracy of the identified system model, the output of the model is compared with the measured data in the frequency domain. The identified model is fed with inputs from the measured dataset, then the amplitude of the model output can be derived by using the input Fourier Transform times the model's frequency function. According to the results, the overall accuracy of the estimated model is over 97%, and within the particular frequency range under 5 Hz, which covers the main working range of the system [19] , [22] , [25] , the amplitude of the model output fits the measured output's amplitude perfectly.
VI. RESULTS ANALYSIS AND DISCUSSION
The characteristics of the drivers' neuromuscular system are analyzed and compared with respect to the different steering tasks, hand positions, and driver postures.
A. Comparison of the Results With Passive and Active Steering Tasks
The values of the moment of inertia, the stiffness coefficient, and the natural frequency of the driver-steering-wheel interacting system for the active and passive steering tasks are compared.
1) The moment of inertia of the interacting system: According to the system parameter identification results, the values of the moment of inertia of the driver-steering-wheel interacting system under the passive and active steering tasks are compared as follows. Based on the results of the identified moment of inertia collected from the ten subjects, the nominal value of the moment of inertia for the subjects is of 0.11 N·m/(rad/s 2 ), and the real value varies slightly from 0.03 to 0.18 N·m/(rad/s 2 ). For each subject there is no evident variation in the values of the parameters for the different steering tasks. The reason for the phenomena observed above is because the moment of inertia depends on the distribution of mass with respect to the axis of rotation. During different steering tasks the mass distribution of the driver's arm and the steering wheel around the steering axis (steering column) shows little change. Thus, the value of the moment of inertia is not closely correlated to the passive or active steering tasks. Fig. 8 . Results of the stiffness coefficient of the ten subjects under passive and active steering tasks. Fig. 9 . Results of the natural frequency of the ten subjects under the passive and active steering tasks.
2) The stiffness coefficient of the interacting system: According to the parameter identification results, the correlation of the stiffness coefficient of the driver-steeringwheel interacting system, with the passive and active steering tasks, is analyzed as follows. Fig. 8 presents the stiffness coefficient from the ten subjects in the passive and active steering tasks. The maximum value of the stiffness coefficient among the ten subjects reaches over 80 N·m/rad in the passive condition, while the minimum value is below 5 N·m/rad in the active condition. It can clearly be seen that the values of the stiffness coefficient in the passive steering scenarios are much larger than those in the active steering modes. A reasonable explanation for the above results is that the driver's arm is tensed in order to stabilize the steering wheel against the disturbed torque in the passive mode, and the represented stiffness coefficient of the system is therefore increased due to the cocontraction effect of the muscles.
3) Natural frequency of the interacting system: The values of the natural frequency of the driver-steering-wheel interacting system under active and passive steering tasks are compared as follows. Fig. 9 presents the natural frequency of the ten subjects under passive and active steering tasks. This shows that the values of the natural frequency under the passive steering task are much larger than those in the active steering tasks. In the passive conditions, the values of the stiffness coefficient of the ten subjects are mainly within the range of 2.5-3.5 Hz, and the values under the active steering tasks are mostly below 1 Hz. This is because that the natural frequency of the system is positively correlated with the stiffness coefficient. When the stiffness coefficient in- creases in the passive steering conditions, the natural frequency accordingly becomes larger. Table I shows detailed identification results of data from the ten subjects under the passive steering task using the right arm only with hand positions at 3 o'clock, 12 o'clock, and 1:30. And detailed identification results from the ten subjects in the active steering task, using the right arm only, with hands in the 3 o'clock, 12 o'clock, and 1:30 positions are presented in Table II .
B. Comparison of the Results With Different Hand Positions
The test results presented in Tables I and II show no evident variation in the values of the moment of inertia, the stiffness coefficient, and the natural frequency of the driver-steeringwheel interacting system, with respect to the three different hand positions.
C. Comparison of the Results With Different Postures
According to experimental results with different postures, the value of the identified moment of inertia increases under the conditions of steering with both arms, compared to steering with the right arm only. This is because by using both arms the mass distribution of the system around the steering axis becomes larger. In the meantime, both the values of the natural frequency and system stiffness coefficient increase when steering with both arms.
D. Correlation Analysis
The correlations between the multiple labels of the collected data and parameters of the estimated transfer function model are further analyzed. The labels of the data that are collected during the experiments include the number of hands used for steering, the active/passive steering mode, and the hand positions, while the parameters of the identified system model include the inertia, the damping coefficient, the stiffness coef- Fig. 10 . Results of the correlations between the labels of the measured data and the key parameters of the estimated system model. ficient, and the natural frequency of the driver-steering-wheel system.
Based on the results shown in Fig. 10 , the number of hands, active/passive steering mode are significantly correlated with the stiffness coefficient and natural frequency of the system. However, hand positions have little impact on system's transfer function.
VII. CONCLUSION AND FUTURE WORK
This paper investigates the characterization of driver neuromuscular dynamics for haptic take-over system design in automated vehicles. The model of driver neuromuscular dynamics during interaction with a steering wheel is established. The transfer function and the natural frequency of the system are analyzed. To investigate the key parameters and properties of the system, experiments with driver-in-the-loop are carried out under different situations. Based on the test results, the values of the stiffness coefficient in the passive steering modes are much larger than those in the active steering ones. And the values of the stiffness coefficient of the subjects are mainly within the range of 2.5-3.5 Hz, and the values under the active steering tasks are mostly below 1 Hz. Besides, the value of the identified moment of inertia increases under the conditions of steering with both arms, compared to steering with the right arm only. However, there is no evident variation in the values of the moment of inertia, the stiffness coefficient, and the natural frequency, with respect to the three different hand positions. These results and system properties identified in this study will help us to provide a foundation for the development of the haptic take-over control system for automated vehicles.
Further work can be carried out in the following areas: robust online identification algorithm of driver neuromuscular dynamics will be developed; approach for driver take-over capability assessment will be established based on driver neuromuscular state observation; and control algorithms of haptic feedback torque will be designed based on driver neuromuscular dynamics. 
